a b s t r a c t Doxycycline hydrogels containing reversible disulfide crosslinks were investigated for a dermal wound healing application. Nitrogen mustard (NM) was used as a surrogate to mimic the vesicant effects of the chemical warfare agent sulfur mustard. An 8-arm-poly(ethylene glycol) (PEG) polymer containing multiple thiol (-SH) groups was crosslinked using hydrogen peroxide (H 2 O 2 hydrogel) or 8-arm-S-thiopyridyl (S-TP hydrogel) to form a hydrogel in situ. Formulation additives (glycerin, PVP and PEG 600) were found to promote dermal hydrogel retention for up to 24 h. Hydrogels demonstrated high mechanical strength and a low degree of swelling (< 1.5%). Doxycycline release from the hydrogels was biphasic and sustained for up to 10-days in vitro. Doxycycline (8.5 mg/cm 3 ) permeability through NMexposed skin was elevated as compared to non vesicant-treated controls at 24, 72 and 168 h postexposure with peak permeability at 72 h. The decrease in doxycycline permeability at 168 h correlates to epidermal re-epithelialization and wound healing. Histology studies of skin showed that doxycycline loaded (0.25% w/v) hydrogels provided improved wound healing response on NM-exposed skin as compared to untreated skin and skin treated with placebo hydrogels in an SKH-1 mouse model. In conclusion, PEG-based doxycycline hydrogels are promising for dermal wound healing application of mustard injuries.
Introduction
Sulfur Mustard (1, 5-dichloro-3-thiapentane; SM) is a blistering/ vesicating agent that has been used in chemical warfare. Injuries induced by SM are more pronounced in the eye, lung and skin [1] . SM rapidly penetrates the skin causing edema, inflammation and blistering. The clinical signs of injury are delayed 2e24 h after exposure depending on dose, temperature, moisture, and the anatomical site of exposure [2] . Although the molecular mechanisms of injury are unclear, SM can alkylate DNA, RNA, proteins and lipids; this can result in tissue damage and cell death [1, 3] . In recent years, the targeting of civilian populations by groups willing to employ chemical warfare agents has intensified the need to develop countermeasures. The most devastating aspect of SM exposure is that wound healing occurs over a prolonged time period (chronic wounds) as compared to other blister-forming injuries resulting from, for example ultraviolet (UV) light exposure [2] . SM exposure on the skin elicits an inflammatory response that results in increased production of several inflammatory cytokines including interleukins (IL-8, IL-6, IL-1a, IL-1b), tumor necrosis factor a (TNF-a), nuclear transcription factor kappa B (NF-kB), along with induction of proteases like matrix metalloproteinases (MMPs) [2, 4, 5] , all of which can contribute to toxicity.
Chronically elevated levels of TNF-a induce synthesis of IL-1 [6] and impairs wound healing by increasing the production of MMPs while decreasing the synthesis of collagen [7] and tissue inhibitors of metalloproteinases (TIMPs) [8] . Increased ratio of MMP/TIMP leads to degradation of components of the extra cellular matrix (ECM), growth factors and their receptors in the wound prolonging the time for wound healing [9] . Therefore, inhibition of inflammatory cytokines and proteases can promote healing of chronic wounds such as those seen with SM injury. Doxycycline is a Food and Drug Administration (FDA) approved tetracycline analog that, in addition to its antimicrobial properties, acts as a protease (MMP) inhibitor [10] . Doxycycline also has shown potential to inhibit TNFa converting enzyme (TACE) and prevent secretion of TNF-a into serum [11] . Hence doxycycline can potentially promote dermal wound healing by reducing both protease activity and inflammation caused by TNF-a at the wound site.
Hydrogels, which are a crosslinked network of hydrophilic polymers [12e14], have been extensively studied for dermal wound healing applications during the past decade. They have the ability to absorb large amounts of water and swell, while maintaining their three-dimensional structure. Their advantages compared to other wound dressings are fluid absorption, hydration of the wound bed, and cooling of the wound surface, which may relieve the symptoms of SM exposure such as erythema, burning, itching, pain and cutaneous lesions [15, 16] . Hydrogels are permeable to water vapor and oxygen, but do not leak liquid water [17] . Depending on the state of hydration of the tissue, hydrogels can absorb or donate water to the wound environment [18] . Hydrogels leave no residue, are malleable and improve re-epithelialization of wounds [19] . The maintenance of a moist wound bed has been widely accepted as the most ideal environment for effective wound healing [20] . Many clinical studies attest to the benefits of moist wound healing [21] and demonstrate that hydrogel dressings led to quicker healing, reduced pain, and cost savings when compared to saline dressings [22] .
The current studies focus on the development of topical doxycycline hydrogel formulations for the treatment of mustard-injured skin. Nitrogen mustard (mechlorethamine hydrochloride; NM) was used as a surrogate to simulate SM skin injury since it does not require a specialized containment facility [23, 24] . Poly(ethylene glycol) (PEG) based hydrogels are used since PEG is FDA approved, non toxic, non immunogenic, water soluble, and highly stable to pH [10, 25] . The hydrogels evaluated in the current study are formed in situ by covalent inter-and intra-molecular crosslinking of polymer chains through reversible disulfide bonds. Fast forming doxycycline hydrogels are designed and developed for the treatment of simulated mustard injuries using surrogate vesicants and evaluated for their wound healing efficacy in an SKH-1 hairless mouse model.
Materials and methods

Materials
The polymer 8-arm-PEG-SH (20 kDa) was custom synthesized by NOF Corporation (White Plains, NY). Doxycycline hyclate, Poly Vinyl Pyrrolidone (PVP) and PEG 600 were purchased from SigmaeAldrich (St. Louis, MO). Methanol, acetonitrile, oxalic acid and HPLC grade solvents were obtained from Thermo Fisher Scientific (Pittsburgh, PA). Rheological evaluations were performed on an SR-2000 rheometer from Rheometric Scientific Inc (Piscataway, NJ) equipped with RSI orchestrator software. Drug release and permeation studies were performed using a Franz diffusion cell apparatus from Paermgear, Hellertown, PA. Doxycycline was quantified using a Waters HPLC system equipped with a UV detector and an Eclipse XDB-C 8 column (Agilent, Zorbax, 4.6 Â 150 mm). Human cadaver skin was obtained from New York Firefighter's skin bank (New York, NY). Tape stripping was done by Scotch magic tape from 3 M (St. Paul, MN). A Discovery C18 column (SigmaeAldrich, St.
Louis, MO; 125 Â 4 mm; 5 mm) was used for Liquid Chromatography and Mass Spectroscopy (LC-MS) analysis of doxycycline. The LC pump Spectra System P4000, auto sampler Spectra System AS300 and LCQ Deca Mass spectrometer and Xcalibur software were purchased from Thermo Finnigan (Thermo Fisher Scientific, Pittsburgh, PA). Differential Scanning Calorimetry (DSC) was performed on a Q10 differential scanning calorimeter and analyzed using Universal Analysis software (TA instruments, New Castle, DE).
Synthesis and characterization of 8-arm-PEG-S-thiopyridyl
To a stirred solution of 8-arm-PEG-SH (20 kDa, 1 g) in acetic acid/methanol (5 mL, 1:20), 2-aldrithiol (0.210 g) was added and the reaction mixture was stirred for 12 h at room temperature (RT) to obtain 8-arm-PEG-S-TP (thiopyridyl terminated 8-arm-PEG, w20 kDa). After completion of the reaction, the solvent was removed under reduced pressure. The crude 8-arm-PEG-S-TP was purified by size exclusion column chromatography using Sephadex G-25 and water as eluent. Pure compound, obtained after lyophilization of the 8-arm-PEG-S-TP (Yield: 71% (0.74 g)), was characterized by 1 H-NMR, DSC and X-ray photoelectron spectroscopy (XPS). XPS: XPS was performed using an XSAM 800 KRATOS apparatus with a 127 mm radius concentric hemispherical analyzer (CHA). An Al Ka radiation monochromator with photon energy of 1486.6 eV was used as the X-ray source; photoelectrons were detected by the CHA operated in the fixed retarding ratio mode FRR5 (survey scans), and in the fixed analyzer transmission mode FAT80 (detail scans) with pass energies of 80 eV. One scan was conducted to record the survey spectra, and subsequent scans were used to record the detailed spectra. The XPS quantification method, based on the comparison of relative intensities of photoelectron peaks, allows the calculation of the atomic fraction for each component, assuming their total intensities to be 100% and using the corresponding sensitivity factors. The measurements were performed under UHV conditions with a residual pressure of about 10 À9 Torr. The solid samples were mounted using double-sided adhesive carbon tape, whereas the powder samples were pressed into tin (Sn) foil to eliminate charging problems. Differential scanning calorimetry (DSC): Thermograms for 8-arm-PEG-SH (20 kDa) and 8-arm-PEG-S-TP (w20 kDa) were recorded using nitrogen as purge gas (flow rate of 50 mL/min). Indium was used to calibrate the enthalpy and temperature values. The thermograms were recorded on crimped sealed aluminum pans for samples weighing 4e6 mg. The heat cool heat cycles were used to record the thermograms. The samples were equilibrated at À 10 C, ramped at 5 C/min to 200 C, quench cooled to À 10 C and equilibrated before the second heat cycle at 5 C/min to 200 C.
Hydrogel formation
Hydrogels were prepared by crosslinking of the 8-arm-PEG-SH (20 kDa) branched thiol terminated PEG polymer. 8-arm-PEG-SH was crosslinked using either hydrogen peroxide (H 2 O 2 hydrogel) or 8-arm-PEG-S-TP (S-TP hydrogel) in the stoichiometric ratio of 1:1 in phosphate buffer (PB, pH 8) at RT. The hydrogel compositions were varied using different concentrations of polymers as shown in Table 1 . Hydrogel formation was determined by the "inverted tube method" and hydrogels were considered to have formed once the solution ceased to flow from the inverted tube [26] . Hydrogel disks (200 mL in volume, 9 mm in diameter, and 0.3 mm in thickness) were used for evaluating the degree of swelling, drug loading efficiency and in vitro release studies. The degree of swelling was evaluated for 4 and 8% H 2 O 2 hydrogels and 5 and 8% S-TP hydrogels. Hydrogels were placed in a vial and weighed prior to being suspended in 5 mL phosphate buffer saline (PBS, pH 7.4) and placed in an incubator at 37 C. The degree of swelling of the hydrogels was calculated by weighing the vials 
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after removing the entire PBS at predetermined time intervals. The same amount of PBS was replaced after each measurement and the hydrogels were allowed to swell until equilibrium was reached. The degree of swelling for each hydrogel was determined by using the equation below:
Where W s is the weight of the swollen hydrogel at time t and W 0 is the initial weight. All measurements were made in triplicate for each hydrogel using separate samples and the mean AE SEM of the values was reported. Two way analysis of variance (ANOVA) was used to determine the effect of hydrogel composition on its degree of swelling.
Effect of formulation additives
Glycerin, PVP and PEG 600 were used as additives in the hydrogel formulation. The hydrogels comprising these additives are referred hereafter as hydrogels with additives. The optimal concentration of additives was determined by measuring the degree of dehydration and retention time of hydrogel formulation on mice skin. Rheometry and DSC were used to evaluate the effect of additives on the mechanical strength and crosslinking properties of the hydrogels, respectively. The retention time (24 h) of hydrogels on SKH-1 mouse skin was investigated by visual examination.
2.4.2.1. Rheology. The rheological measurements of 4 and 8% H 2 O 2 hydrogels and 5 and 8% S-TP hydrogels in the presence and absence of formulation additives were performed using a rheometer with cone plate geometry at 37 C (plate diameter: 25 mm, gap: 3 mm, 2 angle) [27, 28] . The hydrogel samples were equilibrated on the plate for 5 min to reach the running temperature before each measurement. Rheological test parameters, storage/elasticity (G 0 ) and loss (G 00 ) moduli were obtained under dynamic conditions of non-destructive oscillatory tests. The strain sweep test was performed at a constant frequency of 1 Hz with percent strain ranging from 10 À1 to 10
1
. The frequency sweep test was carried out at a constant strain of 1% (linear viscoelastic region) with frequency ranging from 10 À1 e10
1 Hz. All the rheological studies were done in triplicate and the mean AE SEM reported. Two way ANOVA was used to determine the effect of hydrogel composition and formulation additives on its rheological properties.
DSC.
Thermograms for the 4 and 8% H 2 O 2 hydrogels and 5 and 8% S-TP hydrogels with and without formulation additives were recorded using DSC as described above in Section 2.2.
Reversible nature of hydrogels
The time for reduction of disulfide bonds in presence of reducing agent was evaluated using different concentrations of glutathione (GSH) in PBS pH 7.4.
2.6. In vitro release studies 2.6.1. Drug loading efficiency 4 and 8% H 2 O 2 hydrogels and 5 and 8% S-TP hydrogels were used for drug loading and release studies. The hydrogel discs containing 0.25% w/v of doxycycline were dissected into small pieces and suspended into 5 mL PBS (pH 7.4). The suspension was sonicated for 30 min to completely extract doxycycline from the hydrogel. The amount of doxycycline extracted was quantified by reverse phase (RP) HPLC analysis at a wavelength of 350 nm. 0.01 M oxalic acid, acetonitrile and The peak centered at 164 eV represents S 2p of sulfur corresponding to the dithiopyridine groups. The XPS analysis of 8-arm-PEG-TP, shows the diffractograms for nitrogen and sulfur atoms. The ratio between sulfur and nitrogen was found to be 2:1. methanol (70:18:12) were used as mobile phase at a flow rate of 1 mL/min. The retention time for doxycycline was 6 min. After extraction, the suspension containing the hydrogel was stored for several days at 4 C and then reanalyzed to ensure the complete extraction of doxycycline from the hydrogel. Doxycycline was stable under the storage conditions used, as determined by HPLC analysis.
In vitro doxycycline release
In vitro release studies were performed as previously described [10] using a Franz diffusion cell apparatus with a diameter of 5 mm and a diffusional area of 0.636 cm 2 . A polycarbonate membrane (0.45 m) was sandwiched between the lower cell reservoir and the glass cell-top containing the sample for doxycycline release studies. The receiving compartment (volume 5.1 mL) was filled with PBS (pH 7.4). The system was maintained at 37 C using a circulating water bath and a jacket surrounding the cell. The receiving medium was continuously stirred (600 rpm) with a magnetic bar to avoid stagnant aqueous diffusion layer effects. 200 mL of each hydrogel formulation containing 0.25% w/v doxycycline was prepared and placed in the donor compartment, which was then sealed with parafilm and aluminum foil to prevent evaporation. Aliquots (200 mL) were collected from the receiver compartment at predetermined intervals and replaced with an equal volume of PBS to maintain sink conditions throughout the study. The concentration of doxycycline in the release medium was determined using an RP HPLC as described above. The cumulative amount of doxycycline released from the hydrogel was determined using a calibration curve. All experiments were done in triplicate and the results are reported as mean AE SEM. The release data were fitted using a two-phase exponential association equation in GraphPad Prism 4 software. Two way ANOVA was used to determine the effect of the hydrogel composition on the in vitro doxycycline release.
2.7.
In vivo studies 2.7.1. Formation of wounds SKH-1 hairless mice were used for permeability and wound healing efficacy studies. Animals were treated according to the Principles of Animal Care by National Institutes of Health and an animal protocol approved by the Rutgers University Institutional Animal Care and Use Committee. Dermal wounds were created by topical application of 5 mmol of NM dissolved in acetone to the dorsal skin of mice. A standard circular template (15 mm) was used to ensure uniform exposure area on all mice. The mice were left in the hood overnight to degas after NM exposure. The mice were euthanized by CO 2 gas at predetermined time intervals for collection of wounded skin or punch biopsies to be used in permeability or wound healing efficacy studies, respectively.
Permeation of doxycycline through NM-exposed skin
Doxycycline permeability on mice skin exposed to NM for 0 (control), 24, 72 and 168 h was studied using a similar procedure to the in vitro release studies using a Franz diffusion cell set up. Mouse skin was placed in PBS (pH 7.4) for 1 h prior to being sandwiched between the lower cell reservoir and the glass cell-top. Samples of doxycycline (200 mL) in PBS (pH 7.4) were placed in the donor compartment. Aliquots (200 mL) were collected from the receiver compartment at predetermined intervals and replaced with equal volumes of PBS to maintain sink conditions throughout the study. The concentration of doxycycline in the release medium was determined using an RP HPLC as described above. The cumulative amount of doxycycline permeated through skin was determined using a calibration curve. All permeation experiments were done in triplicate and the results reported as mean AE SEM. Student's t-test was used to determine the effects of NM on the permeation of doxycycline through mouse skin.
2.7.3. In vivo wound healing efficacy of doxycycline hydrogels 2.7.3.1. Application of doxycycline hydrogels. 150 ml of 8% 8-arm-PEG-SH in PB (pH 8.0) containing 0.25% w/v doxycycline and 5.4 ml of H 2 O 2 were applied simultaneously on wounded areas of mouse to result in 8% H 2 O 2 hydrogels. 80 ml of 8% 8-arm-PEG-SH in PB (pH 8.0) containing 0.25% w/v doxycycline and 80 ml of 8-arm-PEG-S-TP in PB (pH 8.0) were applied simultaneously on wounded area of mouse to result in 8% S-TP hydrogels. Both the H 2 O 2 and S-TP hydrogels were applied using a double barrel syringe and contain the formulation additives 5% v/v glycerin, 4% w/v PVP and 5% v/v PEG 600.
2.7.3.2. Wound healing efficacy. Five treatment groups (n ¼ 5 per group) were evaluated to measure the wound-healing efficacy of doxycycline loaded H 2 O 2 /S-TP hydrogels on NM wounds. Two hours after exposure to NM, the wounded site was either left untreated (control) or treated with placebo H 2 O 2 /S-TP hydrogels or doxycycline (0.25% w/v) loaded H 2 O 2 /S-TP hydrogels. Skin biopsies from the wounded site were collected at 0 (control), 24, 72, 168 and 240 h after exposure to NM. For histology analysis, the skin biopsies were fixed in 10% formalin overnight before sectioning and analyzing by hematoxylin and eosin (H & E) staining. Digital images were captured with a light microscope at 40x magnification. These observations were consistent with those reported in the past [29] . Furthermore, XPS analysis was conducted to confirm the number of thiol and nitrogen species present on 8-arm-PEG-S-TP. The atoms have valence and core electrons, and for each atom the core level binding provides a unique signature of that element. The binding energy 399 corresponds to nitrogen 1s/2 and 164 corresponds to sulfur 2p/1 (Fig. 2) . These studies confirmed that the ratio between sulfur and nitrogen atoms was 2:1, indicative of two sulfurs and one nitrogen species present in the star shaped 8-arm-PEG-S-TP (Fig. 2) .
Hydrogel formation
Hydrogels with different compositions were investigated for their controlled drug delivery application on skin. 8-arm-PEG-SH was crosslinked in presence of either H 2 O 2 (H 2 O 2 hydrogel) or 8-arm-PEG-S-TP (S-TP hydrogel) resulting in the formation of a hydrogel network through disulfide bridges (Scheme 1 and Scheme 2). The hydrogel network in H 2 O 2 hydrogels could result from inter-or intramolecular disulfide bridges in 8-arm-PEG-SH formed due to the oxidation of thiol groups, while the hydrogel network resulting from the crosslinking of 8-arm-PEG-SH by 8-arm-PEG-S-TP is exclusively through the formation of intermolecular disulfide bridges. 4 and 8% H 2 O 2 hydrogels and 5 and 8% S-TP hydrogels each containing 1:1 stoichiometric ratios of these components to 8-arm-PEG-SH were evaluated in the current study. The gelation times for 4 and 8% H 2 O 2 hydrogels are 75 and 55 s, respectively. The faster formation of hydrogels with the increased concentration of polymers might be due to formation of rapid and intense crosslinking networks, reducing the time for gelation. The 5 and 8% S-TP hydrogels formed in less than 10 s indicating that total polymer concentration has little effect on the gelation time of S-TP hydrogels.
Reversible nature of hydrogels
Reversible crosslink hydrogels were developed based on a disulfide exchange reaction that involves the transfer of existing disulfide bonds to free thiol containing moieties that are present in the reducing agent. In the current study, the reduction of disulfide bonds in the hydrogels was investigated using GSH as reducing agent. GSH acts as a thiolate moiety at basic and mild acidic conditions becoming oxidized in the process while cleaving existing disulfide bonds. Exchange reactions do not change the total number of disulfide bonds but rather shuffle the species that form them. The possible products in the presence of excess GSH are 8-arm-PEG-SH, 8-arm-PEG-S-S-G, G-S-S-G and 8-arm-PEG-SH, which may have a few arms bearing either 'SH' or 'S-S-G' termini as shown in Scheme 3. GSH solutions (1, 3 and 5% w/v) in PBS (pH 7.4) were used to study the reversibility of disulfide bridges in hydrogels. It was observed that, 5% GSH solution cleaved the disulfide bonds in 10e15 min as compared to the 1 and 3% GSH solutions that required 30e40 min and 15e20 min, respectively. These results demonstrate that crosslinks in the H 2 O 2 and S-TP hydrogels can be reversed facilitating easy removal of hydrogels from the damaged tissue without the necessity of peeling them off.
Degree of swelling
The swelling behavior of a hydrogel influences its surface and mechanical properties as well as drug release kinetics. Hydrogels are swelling controlled systems and the degree of swelling is a measure of its crosslinking density, which is important for regulating its pore size. Fig. 3 shows the degree of swelling expressed as percent swelling plotted against time for 4 and 8% H 2 O 2 hydrogels and 5 and 8% S-TP hydrogels. Both the H 2 O 2 and S-TP hydrogels swelled initially and then gradually reached equilibrium. Compared to hydrophilic hydrogels reported in the literature, a relatively lower degree of swelling (< 1% for H 2 O 2 hydrogels and < 1.5% for S-TP hydrogels) was observed for the currently investigated hydrogels [30] . Furthermore, the degree of swelling decreased with an increase in polymer concentrations. The decrease in hydrogel swelling with increasing polymer concentrations is due to the smaller pore size and higher crosslinking density [31, 32] .
Effect of formulation additives
The hydrogels in the current study were developed for topical application on the skin without the presence of adhesive backing materials. Formulation additives such as glycerin, PVP and PEG 600 were used in the hydrogels to decrease the brittleness caused by water evaporation/dehydration and to increase their adhesiveness on skin. Glycerin is a well known humectant and plasticizer that was used to prevent hydrogel dehydration [33] . PEG 600 was used as a plasticizer and humectant [34] . PVP was used to increase hydrogel adhesiveness on the skin and to impart viscosity and film forming ability [35] . The optimal concentration of the additives to prevent brittleness and increase retention time on mouse skin for up to 24 h was found to be 5% glycerin, 4% PVP and 5% PEG 600.
Rheology
The mechanical strength and viscoelastic properties of the hydrogels were investigated using rheological measurements [28] to assess their physical integrity in vivo. Viscoelastic properties were investigated because hydrogels with good mechanical strength are expected to maintain their integrity and help prevent physical drug loss from disintegration of the hydrogel [36] . The rheological studies were performed on 4 and 8% H 2 O 2 hydrogels (Fig. 4 ) and 5 and 8% S-TP hydrogels (Fig. 5) , with and without formulation additives. The strain sweep test was performed on all the hydrogels in order to establish the range of linear viscoelasticity (LVE) and to determine if the elasticity of the formulations differed, as expressed by the storage/elastic modulus (G 0 ). The strain sweep test results (Figs. 4 and 5 A) suggest that G 0 dominates in all the hydrogels, both with and without formulation additives and this is supported by the results obtained from the frequency sweep test (Figs. 4 and 5 B) . G 0 for all the hydrogels is one order higher magnitude than G 00 (loss modulus), suggesting that the hydrogels are more elastic than viscous in the investigated frequency range. Fig. 4 A and B show that G 0 is independent of frequency and strain for all the H 2 O 2 hydrogels with and without additives. However, G 00 is independent of frequency and strain only in the H 2 O 2 hydrogels without additives but is weakly dependent on frequency and strain in the H 2 O 2 hydrogels with additives. The G 0 and G 00 values are almost similar for the hydrogels with and without additives suggesting that formulation additives have minimal influence on the rheological properties and hence the physical strength of H 2 O 2 hydrogels. Fig. 5 A and B show that G 0 is independent of frequency and strain for all the S-TP hydrogels with and without additives. G 00 is also found to be independent of frequency and strain in all the S-TP hydrogels with an exception of the 8% S-TP hydrogel without additives that was found to depend on frequency. The total polymer Fig. 3 . Effect of the concentration of polymers on swelling kinetics of 4, 8% H 2 O 2 hydrogels and 5, 8% S-TP hydrogels. As the concentration of polymers is increased, the degree of swelling is lowered. 
Differential scanning calorimetry (DSC)
The difference in crystallization behavior of polymer networks from that of linear polymers is well known [29] . The crosslinking of polymer chains result in a reduction of crystallinity. Fig. 6 shows the influence of polymer concentration and presence of additives on melting temperatures of 4 and 8% H 2 O 2 hydrogels (Fig. 6 A) and 5 and 8% S-TP hydrogels (Fig. 6 B) . Both the H 2 O 2 and S-TP hydrogels with additives showed lower crystallization temperatures when compared to hydrogels without additives. Also, the crystallization temperatures decreased slightly with increasing polymer concentration indicating higher crosslinking density. In case of S-TP hydrogels, the crosslinks are highly defined as they result from intermolecular network formed between the two polymers, 8-arm-PEG-SH and 8-arm-PEG-S-TP. Since the PEG chains are bound, there is reduced mobility and a highly ordered crystalline structure is not achieved, as reflected by the lower melting temperature for S-TP hydrogels compared to the H 2 O 2 hydrogels. The main reason for the observed behavior is the restricted diffusion and orientation of the molten polymer chains as a result of crosslinking, since the crosslinks are excluded from the crystalline phase [29] . The addition of formulation additives further restricts the movement of the PEG chains so that they orient in the crystalline phase resulting in additional lowering of the melting temperature.
In vitro doxycycline loading and release
Doxycycline loading efficiency results show that 4 and 8% H 2 O 2 hydrogels entrapped 44.38 and 36.42% w/w of doxycycline. The 5 and 8% S-TP hydrogels showed 46.17 and 43.94% w/w doxycycline loading. The S-TP hydrogels appear to have higher drug loading efficiencies than the H 2 O 2 hydrogels. The H 2 O 2 hydrogels result in a hydrogel with collapsed structure as compared to S-TP hydrogels where the polymer branches (or arms) are stretched to form crosslinks with other polymer molecules. This could attribute for the difference in pore size and hence the drug loading efficiencies between the two hydrogels.
The doxycycline release profiles from four different hydrogels were studied in vitro using a Franz diffusion cell apparatus. A plot of cumulative amount of doxycycline released (mg/cm 2 ) as a function of time (h) (Fig. 7) demonstrates that doxycycline entrapped in both the H 2 O 2 and S-TP hydrogels showed sustained release for 10-days (240 h) with 73e84% of doxycycline being released from different formulations. A slower drug release is observed for H 2 O 2 hydrogels compared to S-TP hydrogels. The swelling data shows that the volume of hydrodynamic water associated with 4% H 2 O 2 hydrogels is lower as compared to the 5% S-TP hydrogels, which correlates The release data were fitted using a twophase exponential association equation using GraphPad Prism 4 software. The goodness of fit for the different hydrogels varied from 0.83 to 0.96. The release mechanism for the H 2 O 2 hydrogels is non-fickian or anomalous involving both diffusion and polymer relaxation (0.5 < n < 1). The release mechanism for the S-TP hydrogels is super case II transport involving relaxation of the polymer as the hydrogel swells (n > 1).
with the collapsed structure of H 2 O 2 hydrogels arising from intramolecular crosslinking. Also, slower doxycycline release was observed for hydrogels with higher concentrations of polymers, which might be due to the formation of a tighter hydrogel network and decreased pore size. The release data were fitted using twophase exponential association equation in GraphPad Prism 4 software and the goodness of fit for the different hydrogels varied from 0.83 to 0.96. The relative influence of diffusion and polymer relaxation on the mechanism of doxycycline release was determined by fitting the experimental data (first 60% of the total amount released) to the RitgerePeppas equation [37] .
In Equation (2), M t /M N is the fractional release of the drug, 'k' is the proportionality constant, 'n' is the diffusion exponent and 't' is the time. The diffusion exponent 'n' was calculated from the slope of the natural logarithmic values (ln) of the fractional release as a function of time ( Table 2 ). The release mechanism for both the H 2 O 2 hydrogels was found to be Non-Fickian or anomalous involving both diffusion and polymer relaxation (0.5 < n < 1). The release mechanism for both the S-TP hydrogels was found to be Super Case II transport, which is due to the relaxation of the polymer as the hydrogel swells [38, 39] . This correlates well with the swelling data, where the 5% S-TP hydrogel with higher polymer content shows higher swelling as compared to the 4% H 2 O 2 hydrogel.
For the drug to diffuse through the hydrogel, the polymeric chains must first relax to allow the diffusion process. The hydrogels described in the present study are based on PEG, which is a highly hydrophilic polymer with low glass transition temperature (T g ) [40] . The T g of PEG hydrogels was found to be 27e28 C (data not shown). As compared to the glassy polymeric materials which exhibit a moving boundary of water phase in hydrogel layers, the diffusion of water is rapid in PEG hydrogels thereby attaining a rapid equilibrium [41] . This contributes to the observed Super Case II transport, as the hydrogel exhibits the ability to imbibe water and swell, and the whole polymer system is relaxed. Typically in glassy polymers, Super Case II transport occurs due to a plasticization process in the hydrogel layer which arises from a reduction of the attractive forces among polymeric chains that increase the mobility of macromolecules [42] . Thus diffusion rate increases with an increase in chain mobility and relaxation rate of the polymeric chains [43] . Both the non-Fickian and Super Case II transport mechanisms of drug diffusion are time dependent (t nÀ1 ) [44] . Doxycycline release from both the H 2 O 2 and S-TP hydrogels was dependent on two simultaneous processes-migration of water into the hydrogel and drug diffusion through continuously swelling hydrogels. The flux (J) and diffusion exponent (n) for various hydrogel formulations is shown in Table 2 . Flux was calculated from the slope of the linear portion of the cumulative amount of doxycycline released (mg/cm 2 ) as a function of time. The flux and diffusion exponents decreased with an increase in polymer concentrations for both the H 2 O 2 and S-TP hydrogels. This indicates a decrease in swelling and pore size of the hydrogels due to the formation of a tighter hydrogel. The in vitro release studies show that by changing the polymers and their concentrations, drug release from hydrogels can be tailored.
Doxycycline permeation in NM-exposed skin
Permeability studies were performed to evaluate the barrier function (transdermal drug permeability) of vesicant-exposed skin. The stratum corneum is generally considered to be the rate-limiting barrier to dermal penetration of topically applied drugs [45] . The permeability of vesicant-exposed skin is expected to increase by the loss of stratum corneum and separation of the epidermis and dermis after vesicant exposure [2] . Since the biological membrane (i.e., stratum corneum) controlling drug influx would be less or no longer functional, the hydrogel delivery system would have to provide the rate controlling properties.
The permeation of doxycycline through skin exposed to NM for 0 (control), 24, 72 and 168 h was evaluated using a Franz diffusion cell apparatus. Fig. 8 shows a plot of cumulative amount of doxycycline permeated (mg/cm 2 ) as a function of time. Table 3 shows the lag times and permeability coefficients of doxycycline permeation through NM-exposed skin. The lag time for doxycycline permeation was determined by extrapolating the linear portion of the permeation curve to x-axis. Flux (J) was obtained from the slope of the linear portion of the permeation curve and permeability coefficient (P) was calculated from flux using the equations below. Fig. 8 . Cumulative amount of doxycycline permeated as a function of time through NM-exposed skin. The permeability of doxycycline through NM-exposed skin for variable time periods was found to increase significantly (p < 0.01) compared to the control. The order of permeation of doxycycline is 72 h > 168 h > 24 h > control. 
Where 'J' indicates the steady state flux, 'dQ' the amount of drug permeated, 'A' the dermal area exposed, 'dt' the time of permeation and 'C 0 ' represents the initial drug concentration in the donor compartment.
The permeability of doxycycline through NM-exposed skin for variable time points was found to increase significantly (p < 0.01) compared to the control. The order of permeation of doxycycline through NM-exposed skin is 72 h > 168 h > 24 h > control (Table 3) indicating that the barrier function of the stratum corneum is compromised after vesicant exposure. The order of permeation of doxycycline suggests that the greatest damage after NM exposure is evident at 72 h and the barrier property of skin seems to improve between 72 and 168 h, which is in accordance with the results published by others [46] . The two major factors that determine transdermal drug absorption are transdermal drug permeability and contact time of the delivery system on skin. Since the barrier properties of skin are compromised when exposed to vesicants, the current hydrogel system can be expected to promote wound healing not only by prolonging drug contact time, but also by providing continuous drug release at the injured site.
In vivo wound healing efficacy of doxycycline hydrogels
For wound healing efficacy five mice were evaluated in each treatment group at 24, 72, 168 and 240 h after NM exposure and representative H & E stained histological sections are shown in Figs. 9e12, respectively. The treatments were initiated 2 h after NM exposure and this time period approximately simulates the time that would pass before an exposure is recognized (based on the delayed times for symptoms) and medical help is secured. Two hours after exposure to NM, the wounded site was either left untreated (control) or treated with placebo H 2 O 2 /S-TP hydrogels or doxycycline (0.25% w/v) loaded H 2 O 2 /S-TP hydrogels. The hydrogels described in the present study are in situ forming, i.e., they form a hydrogel within a few seconds after the two polymer solutions are mixed and applied to the skin. A thin film of hydrogel was formed and retained on the skin, due to the presence of formulation additives, for up to 24 h. The hydrogel dressing was changed every Fig. 9 . Histology of mouse skin 24 h post-exposure to NM and hydrogels (Magnification 40x). Two hours after topical application of NM or control, either placebo-or doxycycline containing H 2 O 2 or S-TP hydrogels were applied to the skin. After 24 h, NM was found to cause a marked inflammatory cell infiltration and edema; areas of epidermal/dermal separation were also evident. Epidermal separation was not evident in skin treated with either placebo or doxycycline hydrogels indicating that the hydrogels were acting as an occlusive bandage. 24 h by washing with a solution of 5% GSH in PBS, which facilitated hydrogel dissolution and easy removal without the need for peeling it off from wounded skin. Glutathione is used in many skin products. Glutathione (GSH) is the most abundant thiol species in the cytoplasm and the major reducing agent for almost all biochemical processes. The biosynthesis and metabolism of GSH, which proceeds through the g-glutamyl cycle, has been studied and thoroughly characterized. Oxidized glutathione (GS-SG) is the product that is obtained in the biosynthesis and metabolism of GSH. Poly(ethylene glycol) (PEG) is FDA approved, non toxic, non immunogenic compound, therefore the degradation products obtained after hydrogel degradation are substantially nontoxic. Therefore, GSH or products obtained after hydrogel degradation should not cause any damage in the open wound bed. This is consistent with the results in the current study. Fig. 9 shows the histology of mice skin exposed to NM and subsequently treated with H 2 O 2 /S-TP placebo or doxycycline hydrogels for 24 h. The histology of control skin shows an intact epidermis and dermis, healthy nuclei in the epidermis and fibroblasts in dermis. The common histological features observed in all treatment groups 24 h after NM exposure, were edema (i.e., abundance of clear areas in the dermis), shrinkage/condensation of nuclei in the epidermis (pyknosis) and infiltration of inflammatory cells (blue colored) in the dermis. However, the untreated NMexposed skin also shows signs of epidermal separation from the dermis and higher infiltration of inflammatory cells compared to the placebo or doxycycline hydrogel treated groups. The placebo or doxycycline hydrogel treated groups do not show any signs of epidermal separation from the dermis. Hence the hydrogel acted as a bandage and prevented the separation of epidermis and dermis. Not much difference in histology was seen between the H 2 O 2 /S-TP placebo or doxycycline hydrogels. Fig. 10 shows the histology of mice skin exposed to NM and subsequently treated with H 2 O 2 /S-TP placebo or doxycycline hydrogels for 72 h. Edema, complete separation of epidermis from the dermis, death of epidermal cells (absence of nuclear staining) and infiltration of inflammatory cells in the dermis were observed in untreated skin at 72 h after NM exposure. The histology of skin treated with both the H 2 O 2 and S-TP placebo hydrogels showed edema, pyknotic nuclei in the epidermis and areas where epidermis and dermis are slightly separated. The histology of skin treated with both the H 2 O 2 and S-TP doxycycline hydrogels showed pyknotic Fig. 10 . Histology of mouse skin 72 h post-exposure to NM and hydrogels (Magnification 40x). NM caused degradation of the dermis, epidermal necrosis and extensive epidermal/ dermal separation. The placebo and doxycycline containing H 2 O 2 -or S-TP hydrogels suppressed dermal degradation as well as necrosis and blistering. There was marked improvement in the epidermis in doxycycline containing hydrogels. Significant acanthosis, a marker of wound repair, was noted in the skin treated with both doxycycline containing hydrogels.
nuclei in the epidermis but no separation of epidermis and dermis. The placebo and doxycycline hydrogels showed a significant improvement over untreated NM-exposed skin. H 2 O 2 /S-TP doxycycline hydrogels prevented the separation of epidermis from the dermis and hence represent an improvement over the H 2 O 2 /S-TP placebo hydrogels. Fig. 11 shows the histology of mice skin exposed to NM and subsequently treated with H 2 O 2 /S-TP placebo or doxycycline hydrogels for 168 h. The histology of untreated NM-exposed skin showed necrosis all over the dermis and no nuclear staining in the epidermis implying that the tissue is dying or dead. Only sections from two mice showed signs of re-epithelialization (i.e., an indication that wound healing is occurring) from the wound edges in the epidermis (data not shown). The histology of skin treated with both the H 2 O 2 and S-TP placebo hydrogels showed an absence of nuclear staining in the epidermis and fibroblasts in the dermis. The histology of skin treated with both the H 2 O 2 and S-TP doxycycline hydrogels showed re-epithelialization characterized by epidermal hyperplasia (increased keratinocyte proliferation) and hyperkeratosis (thickening of the stratum corneum).
Re-epithelialization is essential for wound repair to restore the intact epidermal barrier and it occurs by the migration of epithelial cells from the edge of the unwounded tissue across the site of injury [47, 48] . The H 2 O 2 /S-TP doxycycline hydrogels showed a significant improvement in NM-exposed wounds compared to the untreated and H 2 O 2 /S-TP placebo hydrogel treated groups. Fig. 12 shows the histology of mice skin exposed to NM and subsequently treated with H 2 O 2 /S-TP placebo or doxycycline hydrogels for 240 h. 100% of the mice treated with NM, but neither placebo nor doxycycline hydrogels, died between 168 and 240 h post-exposure. Hence no representative histological sections are shown for this group. 80 and 100% of the mice treated with H 2 O 2 /S-TP placebo and doxycycline hydrogels survived for 240 h after NM exposure implying that hydrogels in general have a beneficial effect and that doxycycline hydrogels are better than the placebo hydrogels. The histology of S-TP placebo hydrogel treated NMexposed group looked like a dying tissue. The histology of H 2 O 2 placebo hydrogel treated NM-exposed group showed hyperplasia and hyperkeratosis, signs of wound healing. The histology of H 2 O 2 / Fig. 11 . Histology of mouse skin 168 h post-exposure to NM and hydrogels (Magnification 40x). NM caused extensive necrosis of the skin. Both placebo H 2 O 2 -or S-TP hydrogels provided some protection; skin treated with the H 2 O 2 hydrogel retained epidermis, although nuclear degradation was evident. A significant improvement in the skin was found post-treatment with both doxycycline containing hydrogels. This included marked epidermal hyperplasia and hyperkeratosis, which extended into the remnant hair follicles. Significant hypergranulosis was also observed.
S-TP doxycycline hydrogel treated NM-exposed groups showed a second occurrence of re-epithelialization (the first occurrence was observed 168 h after NM exposure). The reason for this could possibly be the retention of NM in skin that may then be released at later times resulting in a reoccurrence of re-epithelialization. This is similar to SM, which forms a reservoir in skin from which there is continual uptake of SM in the blood during the first few days following exposures [2, 49] . H 2 O 2 /S-TP doxycycline hydrogels showed improved wound healing efficacy compared to untreated and H 2 O 2 /S-TP placebo hydrogel treated groups after NM exposure, evidenced by increased survival rates and signs of wound healing. Among the two placebo hydrogels, H 2 O 2 hydrogel showed a beneficial effect at 240 h H 2 O 2 is well known to oxidize mustard [50] and hence, the H 2 O 2 hydrogel might also be acting as a decontaminant to oxidize NM depot in skin resulting in a dermal wound healing effect. The increased pharmacological efficacy of doxycycline hydrogels could be due to increased doxycycline permeation in NM-exposed skin and continuous influx of doxycycline from the hydrogels. Hence, doxycycline hydrogels should be pursued as a potential treatment option for healing of dermal mustard injuries.
Conclusions
The in situ forming PEG hydrogels investigated in the current study utilize disulfide bonds, which also facilitates their removal. This can be accomplished by spraying a reducing agent that reverses the disulfide crosslinks resulting in a gel to sol conversion. Formulation additives decrease dehydration and increase adhesiveness of the hydrogel on skin for up to 24 h. The hydrogels have a low degree of swelling, good mechanical strength and provide sustained doxycycline release for up to 10-days. The permeability studies show that the barrier properties of the skin are compromised when exposed to vesicants, allowing increased transdermal drug influx. The in vivo wound healing efficacy results show that doxycycline hydrogels provide a superior wound healing response on NM-exposed skin compared to untreated skin and skin treated with placebo hydrogels. Overall, the doxycycline loaded PEG-based Fig. 12 . Histology of mouse skin 240 h post-exposure to NM and hydrogels (Magnification 40x). Mice did not survive 240 h post-exposure to NM without treatments. Although the epidermis appeared damaged by NM when skin was treated with the placebo H 2 O 2 hydrogel, its basic structure was retained indicating that the hydrogel patch alone can suppress tissue injury. S-TP hydrogels were significantly less effective in protecting against NM-induced skin damage. In contrast, doxycycline containing H 2 O 2 -and S-TP hydrogels were highly effective in protecting the skin from NM-induced injury. Following treatment with either hydrogel, marked acanthosis was noted. A thickening of the stratum corneum, parakeratosis and extensive hyperplasia were evident in skin treated with the doxycycline containing H 2 O 2 hydrogel following exposure to NM. hydrogels are promising for dermal mustard-induced wound healing applications.
